Decision conflict occurs when people feel uncertain as to which option to choose from a set of similarly attractive (or unattractive) options, with many studies demonstrating that this conflict can lead to suboptimal decision making. In this article, we investigate the neurobiological underpinnings of decision conflict, in particular, the involvement of the anterior cingulate cortex (ACC). Previous studies have implicated the ACC in conflict monitoring during perceptual tasks, but there is considerable controversy as to whether the ACC actually indexes conflict related to choice, or merely conflict related to selection of competing motor responses. In a functional magnetic resonance imaging study, we dissociate the decision and response phases of a decision task, and show that the ACC does indeed index conflict at the decision stage. Furthermore, we show that it does so for a complex decision task, one that requires the integration of beliefs and preferences and not just perceptual judgments.
Introduction
When choosing between alternatives of similar overall desirability, decision makers may find themselves unsure about which option is preferred, an experience of indecision that has been termed "decision conflict." There is considerable evidence that decision conflict can lead to suboptimal choices. For example, Dhar (1997) has shown that people are more likely to choose the status quo over two equally attractive options, even if both of these options are individually preferred to the status quo. Similarly, Nowlis et al. (2002) demonstrated that decision conflict leads to choosing risk-minimizing options at the expense of maximizing utility. In the present article, we investigate the neurobiological underpinnings of decision conflict, particularly the involvement of the anterior cingulate cortex (ACC).
The involvement of the ACC in monitoring conflict has been hypothesized in a theory of the adaptive regulation of cognitive control put forward by Botvinick et al. (2001) . Broadly speaking, this theory proposes that the ACC is engaged by the detection of simultaneous activation of mutually competing alternatives during response generation. On detection of conflict, the ACC signals other brain regions involved in the execution of control to resolve the conflict. Most experimental tests of this hypothesis have used relatively low-level, perceptual decision-making tasks, such as deciding the direction of a target stimulus (Eriksen flanker task), or simple recognition and retrieval tasks, such as word stem completion (Palmer et al., 2001 ) and verb generation (Thompson-Schill et al., 1997; Barch et al., 2000) .
Here, we address two open questions concerning the role of ACC in conflict monitoring. First, we examine whether the proposed conflict monitoring role extends to more complex decisions that involve the integration of higher-level beliefs and preferences. Specifically, does the ACC detect the "decision conflict" that occurs when two options are similar in desirability? We addressed this by measuring ACC activity while male participants made choices between female faces, with the task being to choose which face in a given pair would be considered more attractive by other males. Extensive pretesting allowed us to reliably predict which pairs would be associated with high and low conflict, respectively, and we predicted more ACC activity during highconflict trials than low-conflict trials.
Second, we asked whether conflict detection is related to activity at the decision stage itself. Several researchers have suggested that the ACC plays a role in motor response selection (Milham et al., 2001; van Veen et al., 2001; Zysset et al., 2006) , and because decision conflict may engender simultaneous preparation of competing motor responses, ACC activity could reflect conflict among incompatible motor responses rather than decision conflict per se. We addressed this question by temporally separating the decision and motor response phases of the task and by making the association between a given choice and the corresponding response highly unpredictable, thus discouraging motor preparation. Additionally, on some trials no motor response was required. These manipulations allowed us to dissociate the decision and response phase of the trials.
Materials and Methods
Stimuli and task design. Images of female faces were used as stimuli (eight-bit grayscale; 242 width ϫ 310 height). Attractiveness ratings of the faces were obtained in a pretest of 12 male participants who rated the faces on a nine-point scale from very unattractive (1) to very attractive (9). Faces were then paired and the pairs were rated by another group of 17 male participants on a different nine-point scale, ranging from very dissimilar in attractiveness (1) to very similar in attractiveness (9). Using these sets of ratings, 120 pairs were constructed to either consist of two similarly attractive faces ("high-conflict-attractive"), two similarly unattractive faces ("high-conflict-unattractive"), or one attractive face and one unattractive face ("low conflict"). In the scanner, the 120 pairs were presented in five runs of 24 trials, with short breaks between runs. On each trial, the participant's task was to choose which of the two faces a majority of other undergraduate males would find most attractive (a pretest revealed that this task would induce more experienced conflict than simply deciding on one's own preference).
To allow us to assess the involvement of decision conflict independent of response conflict, the decision and response phases of each trial were separated. In the decision phase, the pair of faces was presented for several seconds and the participant was supposed to mentally make his choice during this time. The duration of this decision phase, or pair presentation durations, was randomly jittered to be either 3.6, 5.4, or 7.2 s (a negative exponential distribution was used to determine the duration, so the longer duration occurred for only ϳ5% of the trials, with the remainder being roughly evenly split between the short and medium durations.) After this decision phase, a randomly selected letter appeared beneath each face. When the letters appeared, the participant was to vocalize the letter associated with the face he had chosen. The participant was instructed to minimize jaw movement during vocalization. On 50% of trials, response letters did not appear, so a response was not required. The participant had no way of knowing on which trials a response would be required, and on trials when the response letters did appear, the participant had no way of knowing in advance what the response letters would be. The purpose of this design was to eliminate response conflict during the decision phase of the task. Each trial lasted between 10.8 and 18 s and the total duration of a run was 408.6 s.
An infrared eye-tracking system (Applied Science Laboratories, Bedford, MA) was used to record eye movements while participants performed the task. Analyses of the eye-tracking data were performed using a Matlab 7 script developed by the authors. All of the stimuli were presented with E-prime (Psychology Software Tools, Pittsburgh, PA) on a personal computer and back-projected onto a screen using a liquid crystal display projector and viewed by participants through a mirror mounted on glasses. Participants' verbal responses were recorded in the scanner using a magnetic resonance imaging (MRI) scanner-safe microphone. Verbal responses were digitally recorded and noise-filtered using Audacity software (http://audacity.sourceforge.net/). As a measure of response time, the temporal latency of the vocalizations (i.e., time from the appearance of the letters on the screen until onset of vocalization) were recorded for each trial.
After each scanning session, participants were shown the pairs of faces two more times. First, they were asked to rate the similarity of attractiveness of the two faces in each pair, on the same nine-point scale used in the pretest. When the pairs were presented a second time, the participants were asked to rate the level of attractiveness of each face in the pair, again using the scale described earlier. Participants were then debriefed and dismissed.
fMRI data acquisition. Imaging was performed in the Psychology Department at Princeton University with a 3-Tesla head-dedicated MRI system (Magnetom Allegra; Siemens, Erlangen, Germany). Functional MRI (fMRI) images were acquired using an echo-planar imaging pulse T2*-weighted sequence [field of view (FOV), 192 ϫ 192 mm; 64 ϫ 64 matrix; repetition time (TR), 1800 ms; echo time (TE), 30 ms; flip angle, 80°]. Twenty-eight contiguous axial slices were acquired (thickness of 4 mm without gap; in-plane resolution, 3 ϫ 3 mm). The brain was covered from the vertex to the middle of the cerebellum. Structural MRI images were obtained using an magnetization-prepared rapid gradient echo T1-weighted sequence (FOV, 256 ϫ 256 mm; 256 ϫ 256 matrix; inversion recovery technique, 1100 ms; TE, 4.4 ms; TR, 2500 ms; flip angle, 8°; 176 sagittal slices).
fMRI data analysis. All fMRI analyses were performed using SPM2 (Wellcome Department, London, UK) running on a Matlab 7 platform (MathWorks, Natick, MA). Images were successively corrected for motion and slice time acquisition, and normalized to the Montreal Neurological Institute (MNI) template using a 12-parameter linear transformation defined from the normalization of the anatomical scan to the MNI T1 template. Images were then smoothed using a Gaussian filter of 10 mm full-width at half maximum. Motion parameters were stored and used as nuisance variables in the generalized linear model (GLM) analysis. Additional nuisance variables were used to assess the effects of eye movements, such that each time a saccade was detected, a standard hemodynamic response was added. Assuming the linearity of the hemodynamic response, this nuisance covariate accounts for the variance of the signal linked with the saccadic activity.
For each experiment, statistical parametric maps (SPMs) were computed using the general linear model, with separate hemodynamic response functions for each task condition and for each phase (decision and response). Functions that model the same level of conflict (high, low) and attractiveness (high, low) were pooled together for the GLM analysis. In the parametric analysis, all events of the decision phase were pooled together, but the amplitude of each event varied depending on the rated similarity (a proxy for conflict) of the pairs taken after scanning.
For each analysis, an SPM {F} map was obtained, reflecting significant activated voxels according to the model used ( p Ͻ 0.001). To test hypotheses about regionally specific condition effects, the estimates were compared using linear contrasts. The resulting set of voxel values for each contrast constituted an SPM {T} map. Random effect analysis was then performed using t test analysis across the participants on the contrasts images of interest. The resulting set of t values had thresholds of p Ͻ 0.001 with a spatial extent threshold of 20 contiguous voxels. fMRI results presented will mainly be focused on the no-response trials (50%), excluding confounding factors such as blood oxygen level-dependent (BOLD) motor-related activity and the possible interfering magnetic susceptibility modification caused by jaw movements.
Results
Postscanner check of the conflict manipulation In the postscanner behavioral task, participants were shown the pairs of faces again and asked to rate, for each pair, how similar the two faces were with respect to their level of attractiveness. These ratings were very consistent with our preclassification of the pairs as high conflict or low conflict (see Materials and Methods). Pictures in pairs that were preclassified as high conflict were rated as very similar in attractiveness (mean, 7.1; SE, 0.5) on a nine-point "similarity of attractiveness" scale. Pairs that were preclassified as low conflict had much lower ratings (t (15) Ͼ 22; p Ͻ 10 Ϫ12 ; mean 2.3; SE, 0.3), suggesting that, as intended, one picture in each pair was much more attractive than the other.
Choices made in the scanner were highly consistent with those made outside the scanner. The choices made outside the scanner were only made implicitly: participants did not indicate which face was more attractive, but they did rate the attractiveness of each face in the pair on a nine-point scale. Across participants, on trials where the ratings of the two faces differed by just one point, the face with the higher rating had been chosen as more attractive in the scanner on 91% of these trials. When the ratings differed by two points, consistency with the scanner response was 95%. And when the ratings differed by three or more points, the consistency was at least 96%. This suggests that the choices made in the scanner reflected systematic judgments.
Vocalization latency
Across participants, the mean vocalization latencies did not differ significantly between the high-conflict-attractive pairs (mean, 699 ms; SE, 175 ms), the high-conflict-unattractive pairs (mean, 769 ms; SE, 181 ms), or the low-conflict pairs (mean, 656 ms; SE,145 ms) (all paired t tests, Ͻ2.0, not significant).
ACC activation
Across both response and no-response trials in the scanner, there was a large ACC activation when comparing the highconflict to the low-conflict trials (collapsing across the high-and low-attractive pairs). As shown in Figure 1a , this activity was centered on Talairach coordinates [x ϭ Ϫ3; y ϭ 20; z ϭ 43; Brodmann's area (BA) 32]. This cluster of activation was mainly circumscribed within the dorsal aspect of ACC. However, it also extended to the ventral aspect of the medial frontal gyrus, within the presupplementary motor area (BA 6). When considering only the no-response trials the same cluster within the ACC was found (Fig. 1b, Table 1) . In an additional analysis, using each participant's postscanner evaluation of the pairs as a parametrically varying covariate, the same ACC area was activated. In these last two analyses, activation also extended to the anteroventral aspect of the dorsal ACC (Fig. 1b,c , Table 1 ).
The time course of ACC activation in high-and lowconflict trials is illustrated in Figure 2a . These time course curves reveal that hemodynamic response within ACC increased immediately after picture pairs were presented to participants. Responses for high-conflict trials (red curves) were almost twice as strong as the responses observed for the lowconflict trials (black curves). The duration of the decision phase varied randomly between trials (with possible durations of 3.6, 5.4, or 7.2 s; 2, 3, or 4 TRs), so participants could not easily anticipate when a response would be required. Figure 2a also reveals that trials with the shortest decision phase duration (3.6 s; dashed lines), showed the same pattern as the full set of trials (i.e., collapsing across trials with a 3.6, 5.4, and 7.2 s decision phase duration; solid lines). Because these shorter trials would have included the greatest proportion of "predecision" time, it is encouraging that the differential pattern of ACC activation is observed even in these trials where postdecision processes are less likely to have been involved.
Additional evidence for increased ACC activity during the decision phase is seen in Figure 2b , which shows the time course curves of ACC activation (orange lines) and of facial motor area activation (purple lines). The solid lines, which plot activation for trials when a response was required, reveal that ACC activation began almost 3.6 s before facial motor area activation, suggesting that ACC activation was indexing decision processes that occurred well before the participants vocalized their responses. It is of course possible the ACC activation is indexing conflict in motor preparation, and that additional ACC activation on highconflict trials is capturing additional motor preparation. But this seems unlikely because it is unclear just what kind of motor preparation could be occurring when the participants did not know what kind of motor response would be required (i.e., which letter vocalization was associated with the different faces), nor did they even know if any motor response would be required.
Interestingly, Figure 2b also shows that there was more ACC activity on response trials than on no-response trials, but primarily at time points at which (and after which) the response was actually being made (for TRs 4, 5, and 6: t ϭ 4.96, p Ͻ 0.001; t ϭ 6.84, p Ͻ 0.001; and t ϭ 4.66, p Ͻ 0.001, respectively) This activation is in the same peak area as was observed in the high-versus low-conflict analysis. There was also an unexpected activation difference on TR 1 (t ϭ 2.61, p Ͻ 0.05), but there was no difference on TR 2 or TR 3 (t ϭ 1.34 and t ϭ 0.33, respectively). Because no-response and response trials were indistinguishable to participants at TR1, we suspect that this difference results from random variation. The ACC difference in the late TRs suggests that the ACC may play some additional role in the vocalization of responses. However, this role appears to be independent of its role in decision conflict, because ACC activation differences between high-and low-conflict trials were still seen for no-response trials only (Figs. 1b, 2a) .
Activation outside the ACC
In addition to activation within the ACC, all three contrasts (all trials, only no response trials and parametric analysis) reveal activity within the right orbitofrontal cortex (BA 11/47), the right inferior frontal gyrus (BA 9 or 45/46), the striate visual cortex (BA 17/18), and within fusiform gyri (BA 37). For the parametric analysis, minor differences were also observed in the left parahippocampal gyrus (BA 35) and in the left anterior insular cortex (BA 44/47) (for details of all active areas, see Table 1 ).
Eye movements
Given the high visual demands of the task, and the proximity of the ACC to the supplementary eye fields, it seems possible that the difference in ACC activation between high-and low-conflict trials may be indexing differences in eye movements rather than differences in decision conflict per se. The inclusion of eye movements as nuisance variables in the GLM, however, argues against this possibility. ACC activation differences between high-and low-conflict trials are observed despite the inclusion of such nuisance variables.
A direct analysis of eye movements also fails to support the suggestion that they are involved in ACC activation. Saccadic movement counts were extracted from the time course positions of the participants' glances. For the trials with the shorter decision phase (3.6 s), there were not significantly more saccadic movements on the high-conflict than low-conflict trials (mean, 5.2 and 4.9, respectively; p Ͼ 0.12), even though there was increased ACC activation on the high-conflict trials of this duration (Fig. 2a) . For trials with longer decision phase duration (5.4 and 7.2 s), there were more eye movements on high-conflict trials (mean, 6.5 vs 5.4; p Ͻ 0.001), but these eye movements were not associated with the large differences in ACC activation that were also observed. This is seen in a factorial mixed-model ANOVA (duration by conflict by saccades, with repeated measures) for the ACC signal averaged over the decision-making period for the no-response trials. We found a significant effect of duration ( p Ͻ 0.011) and conflict ( p Ͻ 0.001). However, no significant effect was observed for the saccades count ( p ϭ 0.321).
Additional evidence that eye movements were not the cause of the increased ACC activity in high-conflict trials comes from the fact that there was no evidence of increased activation in the frontal eye fields (FEFs), as the associated voxels did not appear even at a very lenient threshold ( p Ͻ 0.1). The signal recorded within the FEF is shown in Figure 2d and did not reveal any differences between conditions.
Attractive pairs versus unattractive pairs
When comparing the two categories of high-conflict trials (that is, those with two attractive faces and those with two unattractive faces), differences were observed in activation in the most dorsal aspect of the ACC (BA 6) cluster described above. Attractive faces led to a higher activation of the ACC compared with unattractive faces (Fig. 2e) . Consistent with this finding, an additional analysis of behavioral data revealed that "similarity of attractiveness" was rated as significantly higher for attractive pairs than for unattractive pairs ( p Ͻ 0.001), suggesting that decisions about the attractive pairs may in fact have been more difficult, and induced more conflict, than decisions about unattractive pairs. It is not clear if this is because of the specific stimuli we chose, or if it is a more general finding about these kinds of choices. The fusiform gyri (BA 19/37) and the caudate nuclei also showed more activation for attractive pairs. Conversely, extensive activation within the posterior and middle insular cortex, the middle temporal gyri (BA 21/22), right anterior inferior insula, and within both postcentral gyri (BA 1/2/3) was observed when comparing unattractive pairs to attractive ones.
Discussion
In an engaging decision task, we found greater ACC activation when participants faced difficult (high conflict) decisions than when they faced easier (low conflict) decisions. Because we dissociated the decision and response phases of the task, the results strongly suggest that these ACC differences were caused by actual decision conflict, and not response conflict. Several other studies have demonstrated ACC activation associated with decision making in higher level cognitive tasks. For example, in a study of economic social interactions by Sanfey et al. (2003) , participants had to respond to a monetary offer made by a partner, and there was greater ACC activation when the offer caused increased conflict between accept and reject responses. Similarly, Greene et al. (2004) found increased ACC activation when the participants made more difficult moral decisions. Our results are also consistent with previous work by De Martino et al. (2006) , who found ACC activation corresponding to decisions that were incongruent with an experimentally provided frame.
Studies such as these, however, were not specifically designed to test the role of the ACC. Therefore, the results of these studies cannot eliminate the possibility that the ACC activity observed was the result of conflict between competing motor responses representing the different decisional outcomes, rather than decisional conflict as such. Indeed, some authors directly suggest that ACC activity reflects motor preparation, independent of conflict. For example, a recent study (Zysset et al., 2006) suggests that ACC activity reflects motor preparation before the participant making an overt response. However, this study did not include trials with a high degree of decision conflict; that is, trials in which there is no dominating option. Thus, although this study suggests that the ACC may be responsive to motor preparation, it does not provide evidence against the hypothesis that the ACC is also responsive to decision conflict. In the present study we dissociated decision from response processes, and observed ACC activity associated with high-conflict trials in during the decision phase. Accordingly we can conclude not only that the ACC is more active during high-conflict decisions, but also that this activation is related to decision processes and not merely to motor response preparation processes or motor conflict.
A number of other studies have suggested that the ACC is involved in different aspects of decision behavior, for example risk versus ambiguity processing (Cohen et al., 2005; Krain et al., 2006; Paulus and Frank, 2006) , reward processing (Kennerley et al., 2006) , or action selection (Rushworth et al., 2007) . The findings of those studies are largely orthogonal to the ones here and future investigations should examine different factors in the same study. A design similar to the current one, for example, could manipulate decision difficulty in different ways, both in terms of option attractiveness and in terms of option likelihood. This would allow a simultaneous mapping of different decision processes: risk processing, reward processing, and conflict processing. We also observed activation outside ACC when comparing high-versus lowconflict trial types. In particular, right inferior and lateral frontal gyri, anterior insula, orbitofrontal cortex and striate visual cortex all showed increased activity for more difficult choices. Several of these areas have shown ACC coactivation in other studies Greene et al., 2004) . Speculatively, these activations could reflect the recruitment of additional resources and effort in the higher conflict trials, though further research will be needed to more fully understand the involvement of these areas.
Computational models have implemented conflict in terms of the energy of representation ) in which case two highly activated but competing representations are associated with greater conflict than two competing representations that are less highly activated. Thus, our finding that decisions between attractive faces were associated with greater ACC activity than those involving unattractive faces could reflect greater decisionrelated activity in response to attractive versus unattractive faces. But again, this issue requires additional research.
The results of the present study have an important role to play in attempting to localize aspects of decision making to specific neural structures and processes. The results also have the potential to lead to useful behavioral insights. For example, Tom et al. (2007) found that individual differences in loss aversion were predicted by differential activation in the ventral medial prefrontal cortex and in the striatum. It would be interesting if individual differences on psychological constructs such as indecisiveness and ambiguity aversion (Fox and Tversky, 1995) could similarly be predicted by activation differences in the ACC. Additionally, in future work, we hope to examine the role of ACC activity in actual decision behaviors such as status quo bias and risk aversion. Both are thought to be driven by decision conflict and both are non-normative. Are such non-normative choices associated with affective processing (cf. Greene et al., 2004) , or are they associated with minimal recruitment of higher cognitive processes? Imaging studies that manipulate the conflict in decision tasks and then examine the relationship between choice behavior and activation would be able to address such questions. 
